Abstract. Like all other complex biological systems, proteins exhibit properties not seen in free amino acids (i. e., emergent properties). The present investigation arose from the deduction that proteins should offer a good model to approach the reverse phenomenon, namely topdown constraints experienced by protein residues compared to free amino acids. The crystalline structure of profilin Ib, a contractile protein of Acanthamoeba castellanii, was chosen as the object of study and submitted to 2-ns molecular dynamics simulation. The results revealed strong conformational constraints on the side chain of residues compared to the respective free amino acids. A Shannon entropy (SE) analysis of the conformational behavior of the side chains showed in most cases a strong CMLS, Cell. Mol. Life Sci. 60 (2003) 
Interest in the study of complex biological systems continues to increase [1 -3] . Such biological systems extend over a vast range of levels of complexity, from proteins and functional multiprotein assemblies up to organisms and societies. Yet despite this great disparity, at least two unifying characteristics are always found in complex biological systems, namely (i) the fact that they are aggregates composed of interacting (transacting) parts, and (ii) the existence in such systems of properties that do not exist in their isolated components. Such properties are * Corresponding author.
termed 'emergent,' and indeed emergence is an important subject in the study of complexity [4 -7] . Being relatively simple compared to biological systems at higher levels of complexity, proteins appear to be worthwhile objects to investigate the phenomenon of emergence. Like their isolated components (i. e., amino acids), proteins possess physicochemical properties such as acidity, basicity, conformational flexibility, and tautomerism, all of which allow the compounds to exist in a number of different molecular states, e. g., different electrical states and conformations [8 -10] . In addition and more importantly, proteins may display biochemical and functional properties not seen in free amino acids, e. g., binding capacity, allosterism, and catalytic activity [11, 12] . Besides emergence, a few scientists have discussed the reverse concept, namely the constraints experienced by the components of a complex system as a result of their transactions [7, 10, 13, 14] . This phenomenon is termed downward causation, top-down constraints or dissolvence, but its occurrence has never been investigated at an explicit and quantitative level. Constraints imply decreased disorder and hence decreased entropy. And since information is a measure of order [15, 16] , constraints imply an increase in information content, in other words an increase in the capacity to select from alternatives [6] . We reasoned that a good model to approach this problem would be a comparison of the behavior of side chains of amino acids in the free state and as residues in proteins. Indeed, the conformational behavior of side chains (the so-called 'Chi space') is an important determinant of the surface and recognition properties of proteins [17] . Preliminary studies using molecular dynamics (MD) simulations and analysis of three-dimensional (3D) molecular fields had shown that the property space of the central residue in tripeptides is indeed constrained compared to the free amino acid [18, 19] . Here, we present an MD simulation of profilin Ib, a contractile protein of Acanthamoeba castellanii. This protein contains 125 residues (reference PDB-1ACF in the Protein Data Bank). A comparison of the conformational behavior of the side chains in the residues and in the corresponding free amino acids revealed strong contraints. These constraints on conformational space were analyzed for their Shannon entropy (SE) content [20] , which for most residues showed an intriguing reduction relative to the free amino acids.
Materials and methods
The coordinates of A. castellanii profilin Ib (contractile protein) [21] were obtained from the Protein Data Bank [22] (entry: 1ACF; resolution 2.0 Å; R factor 17.9 %). This protein was chosen because of its relatively small size, suitable quality of crystallographic data, highly ordered secondary structure, and similar content of a helices and b strands (32.0 % a helices, 32.8 % b strands and 20.0% b turns). Furthermore, preliminary tests revealed the stability of the secondary structure during prolonged MD calculations. The initial 3D structures of the free zwitterionic amino acids were built using Accelrys Isight II software [23] . The protonation of side chains and terminal groups corresponds to neutral pH. All MD simulations were performed using the GROMACS 3.0 [24, 25] suite of programs with a GROMACS2 all-hydrogen force field [25] .
The protein and free amino acids were placed in a rectangular box of water (SPC model [26] ), with the distance between box wall and solute surface not less than 1 nm. All simulation systems were subjected to (i) steepest-descent energy minimization until a gradient value of 100 kJ mol -1 nm -1 , followed by (ii) 250 ps of equilibration MD at 300 K (not included in the analysis), followed by (iii) 2 ns of production MD simulations at 300 K. The temperature and the pressure of solute were coupled to the external bath according to Berendsen's algorithm [27] with time constants 0.1 and 0.5, respectively. Time steps of 1 fs were used and no bond was constrained. Periodic boundary conditions were applied; 1.3-nm cut-off values were used to calculate Coulombic and Van der Waals interactions. The neighbor list was updated every tenth step. The coordinates of the system were collected every 0.5 ps. The values of c i values were distributed in bins of 10°, and SE was calculated from these histograms using the formula
where p i is the probability in each bin, obtained from the count in each bin (c i ):
Results
A meaningful comparison of the conformational behavior of amino acid side chains implies a constant secondary and tertiary structure of the backbone. This was indeed verified as shown in fig. 1 , where the backbone of profilin Ib is seen to retain a constant secondary structure during the 2-ns simulation, and to undergo only limited oscillations in its tertiary structure.
The dihedral angles of all residue side chains in profilin Ib were recorded each picosecond, yielding a 2-ns trajectory for each dihedral angle c of each residue side chain. The same was done for the side chain of the correspond- Figure 1 . MOLMOL [28] orthogonal views of the 3D structure of the backbone of profilin Ib, with the backbone thickness proportional to the amplitude of its movements during the 2-ns simulation. Constraints increase information content ing free amino acids in zwitterionic form. A representative example is presented in fig. 2 , where the trajectories of c 1 and c 2 of the four phenylalanine residues in profilin Ib (Phe35, Phe49, Phe60, and Phe125) are compared to those of free phenylalanine. The differences are most impressive and quite revealing. Thus, the side chain of free phenylalanine shows preferred conformations characterized by c 1 = -40°to -80°and -140°to -180°, and c 2 = 60°to 120°and -60°to -120°. The corresponding values for Phe35 are c 1 = 160°to 180°and -160°to -180°, and c 2 = 30°to 90°; for Phe49, c 1 = c 2 = -40°to -80°; for Phe60, c 1 = 40°to 80°, and c 2 = -60°to -100°; for Phe125, c 1 = 30°to 60°and -40°to -90°, and c 2 = -40°t o -120°. Constraints of comparable magnitude were seen for most side chains (results not shown).
The occurrence of strong conformational constraints in the side chains of profilin Ib having been demonstrated unambiguously, the next step was to quantify and interpret them. This was achieved by an SE analysis of the conformational behavior of the side chains. SE is a measure of the relative information content of a dataset, and it allows the information content of two datasets to be compared [20] . Thus, SE(1) > SE(2) means that dataset 2 contains more information than dataset 1. Shannon's theory was originally one of digital communication [29] , but it is beginning to find applications in chemistry and particularly molecular-diversity analysis [30] . 3) . In other words, the strong conformational constraints experienced by the side chain of Phe35 produce a marked decrease in SE. The results for all side chains are presented in fig. 4 The possibility of a conformational artifact caused by comparing zwitterionic amino acids with residues (i. e., replacing charged -COO -and -NH 3 + groups with -COand -NH-, respectively) was also examined by using (i) end-capped amino acids, and (ii) amino acids located at the center of the nonapeptide AAAAXAAAA maintained in an a-helical structure. The differences for amino acids with ionized side chains were modest or minute. Thus, the average DSE[c 1 , c 2 ] value for all residues in profilin was -0.568 when using zwitterionic amino acids as reference, -0.513 when using capped amino acids, and -0.417 when comparing with the residues in the a-helical nonapeptide.
The full results will be presented in a forthcoming paper. In contrast to c 1 and c 2 , the results for the few residues with c 3 and c 4 dihedral angles were unremarkable, the DSE[c i ] values being modest and without pattern (results not shown).
Discussion
The MD simulations reported here demonstrate and quantify the strong conformational constraints felt by residue side chains in a protein, when compared to the corresponding amino acids in the free state. In the protein profilin Ib investigated here, these constraints involve mainly the first two dihedral angles (c 1 and c 2 ) of the side chains, with the unpredictable and remarkable consequence that the information content of these side chains, as assessed by SE, is markedly affected when comparing residues and free amino acids. In most cases, an important decrease in SE was seen. Given the inverse proportionality between SE and information, this is equivalent to stating that most side chains in residues showed an increase in information content compared to the free amino acids. These findings raise a number of questions and suggest a broad research agenda. The deeper question is certainly the relationship, if any, between the emergence of protein-specific properties and the gain in information resulting from conformational constraints. This may not be an unrealistic hypothesis given the role of information exchange in complex biosystems [16] . But what are the In other words, residues in profilin Ib generally have a markedly lower SE content in their side chain than the corresponding amino acids in the free state. Constraints increase information content practical implications of the interrelated conformational constraints and information content? We postulate that the increased information content of the side chain of residues compared to free amino acids contributes to the recognition specificity of the protein. In other words, the vastly increased information content of a protein relative to its free monomers is embedded not only in the tertiary structure of its backbone, but also in its side chains. The implication is that both backbone and side chains, by virtue of being conformationally constrained, contribute to protein recognition specificity toward other macromolecules and ligands ( fig. 5 ), as cogently advocated by Loewenstein [15] . A more immediate issue is to generalize these results in a variety of structurally and functionally diverse proteins. Preliminary results with other functional proteins confirm the general nature of the phenomenon reported here, but experiments on a larger scale are needed to evaluate its significance and meaning along the lines outlined in the previous paragraph.
